Abstract-We present the development and advancement of the Talbot-Lau X-ray deflectometry (TXD) single-image phaseretrieval technique, for high-energy density (HED) plasma diagnostics. The Talbot-Lau interferometer has been benchmarked as an electron density diagnostic for low-Z objects (Z < 13) at the X-ray energies of 8 and 17 keV. A laser driven X-ray backlighter was used at the multi-tera watt laser facility in order to obtain electron density measurements. We measured X-ray refraction and retrieved sharp and smooth density gradients with sourcelimited spatial resolution. Since TXD can use extended, incoherent, line, or continuum X-ray sources, a wide range of X-ray backlighters can be used, driven from laser or pulsed power systems. Laboratory results indicate potential for simultaneous retrieval of: electron density maps through refraction and attenuation, material mixing through elemental composition, and instabilities through scatter images. Experiments using a 17-keV backlighter to characterize a planar shock are planned to test the TXD technique on an HED plasma environment.
I. INTRODUCTION
H IGH-ENERGY density (HED) plasma characterization, in particular those used in inertial confinement fusion (ICF), requires diagnostics capable of delivering micrometer spatial resolution and nanosecond time resolution [1] , [2] . X-ray radiography is a simple electron density imaging diagnostic based on X-ray attenuation [3] . Nevertheless, ICF experiments rely on low-Z matter as the main component of ignition capsules, which has weak X-ray attenuation for the energies in the range of several to hundreds of kiloelectronvolts [4] .
On the contrary, X-ray refraction provides strong contrast for low-Z objects [5] . The Talbot-Lau (TL) interferometer [6] , [7] detects angular deviations due to objects in the X-ray beam path. These deviations (α) are proportional to the electron density gradient of the object (N e ) and they depend on the X-ray beam wavelength (λ) and the electron radius (r e ) α(x, y) = (r e λ 2 /2π)∂/∂x N e (x, y, z)dz . When a grating is illuminated by a coherent source, there is a replication of the grating pattern at specific distance, known as the Talbot distance [8] . The TL interferometer (Fig. 1 ) takes the advantage of this effect by detecting phase changes in a probing X-ray beam. In the TL configuration, a source grating (g 0 ) ensures coherence, while a phase grating (g 1 ) detects phase changes, which are converted into intensity changes by an analyzer grating (g 2 ). The angular deviation corresponding to one fringe shift defines the effective angular resolution of the interferometer and it depends on the grating period and the object to source grating distance (W eff = g 0 / p).
Since HED plasma dynamics require single-shot data retrieval, the TL interferometer must be illuminated by a subnanosecond X-ray backlighter. Moreover, the interferometer can be used in a deflectometer configuration, which we have named Talbot-Lau X-ray deflectometry (TXD). In this setup, one of the gratings is rotated by a small angle θ , producing Moiré fringes of period P M = g 2 /2 sin (θ /2).
We have benchmarked the TXD diagnostic using X-ray tubes as sources to characterize low-Z test objects in the laboratory [9] , [10] . We later tested the TXD technique with a laser X-ray backlighter. We were able to retrieve areal density gradient maps by performing fringe shift measurements from Moiré images. We can then obtain the areal density through numerical integration, and when the object symmetry allows, we can also obtain local density values.
Since the magnitude of the refraction angle depends on the X-ray energy and the angular resolution (through the grating period), the dynamic density range of the TL interferometer is quite flexible. The electron density measurement lower limit is given by the fraction of a fringe shift that can be accurately measured. This is dependent on factors, such as image contrast (visibility), photon statistics, and spatial resolution, among others. With our TL systems, we can typically measure ∼10% fringe shift; however, a minimum of 2% has been achieved 0093-3813 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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under particular conditions. Similarly, the upper limit is typically two fringe shifts, but the maximum number of periods can be much higher if the fringe shifts are smooth enough to be traced in the interferogram map without ambiguity. The general equation for density retrieval is given by
where the refraction angle α is given by the ratio of g 0 period over g 0 -plasma distance P, scaled by fringe shift F. For example, when imaging a CH shell of 200 μm diameter with a few kiloelectronvolts, we can retrieve ∼10% of solid density, while at 5 keV, the dynamic range is ∼10 23 -10 25 cm −3 . For higher photon energies, such as a 20-keV backlighter, we can retrieve approximately 100 times the solid density, while at 25 keV, the dynamic range is ∼5 × 10 24 -5 × 10 26 cm −3 .
Moreover, the TXD image simultaneously provides attenuation and small-angle scatter information [11] in addition to refraction. The attenuation and refraction can be combined to obtain elemental material composition [12] . These additional capabilities will be further discussed in this paper.
II. TXD WITH LASER DRIVEN X-RAY BACKLIGHTER
When using laser driven X-ray backlighters, such as those available in HED physics facilities, the intense X-ray radiation produced can damage the gratings, in particular the source grating [13] - [15] . Therefore, an assessment of grating survival is necessary before testing density retrieval capabilities of the TXD technique in a plasma experiment. The TL interferometer calls for a configuration, where the source grating is placed close to the backlighter at about 0.2-2 cm. Due to the spatial dimensions of the gratings, it is possible for the grating bridges and period to expand. It is also possible for the source grating to be altogether ablated during the X-ray pulse. In addition to thermal effects, shocks and vibrations could potentially modify the source grating position, orientation, and morphology, which could distort the Moiré patterns.
Rough estimates show that with picosecond backlighters, any morphological variation in grating geometry would occur after the main X-ray pulse. Hence, the Moiré image would not be distorted due to ablation or expansion effects on the source grating. Similarly, studies analyzing pinhole closure under intense X-ray irradiation [16] also support the notion that the TXD should be able to deliver the desired information before any morphological changes occur in the gratings.
We evaluated the TXD performance and electron density retrieval using laser driven X-ray backlighter illumination at the multi-tera watt (MTW) facility [17] , [18] at Laboratory for Laser Energetics. Copper targets of 500 μm 2 area and 20 μm thickness were irradiated by a 5-30-J energy and 8-and 30-ps duration pulses. These targets produce a quasi-monochromatic emission of Cu K-α line of 8-keV energy.
The TL interferometer setup at MTW is shown in Fig. 2 . The TL system assemble consisted of a common rail, where the microperiodic gratings and object were aligned on axis and the rail itself was then aligned to the copper target. This particular design enables the use of interferometers that can be accurately prealigned in the laboratory with a conventional X-ray source, prior to the laser experiment.
The first test of laser backlighting performed at MTW demonstrated source grating survival for a 30-J, 8-ps laser pulse. The Cu foil target was placed at ∼1 cm from the source grating. The source grating was protected by either a 25-μm aluminum or a 50-μm aluminized Mylar foil. The thin protective foils proved to be a beneficial factor in source grating survival in addition to their radiation-filtering role. Future studies will test grating survival at higher laser energies and longer pulse duration in order to determine the technique limits.
Furthermore, phase grating survival in the presence of a plasma target may also be a concern, in similarity to source grating survival in the presence of backlighter generated X-rays. In general, the phase grating has a bigger period than the source grating, which makes for a more robust structure. The phase grating is made of low-Z material, which absorbs much less X-rays than the source grating, which is made of gold. The phase grating is also manufactured in such a way that morphological changes due to compression or expansion should be less drastic than what is expected from the source grating (the microscopic images of both grating structures can be found in [10] ). Nevertheless, the ability to produce TL Moiré images before the gratings are modified by X-rays and plasma, in particular under ICF experimental conditions, should be explored using a more powerful laser backlighter, such as those available at OMEGA extended performance (EP). Performing experiments in such a facility would also allow for plasma object electron density retrieval. Note, however, that physical survival of the gratings is not an absolute necessity; as long as the TL system produces useful data for a single shot, the gratings can be replaced after each shot, at a reasonable cost.
The interferograms for acrylic rods of 1 mm and 750 μm diameter and a fluoronylon fiber of 305 μm diameter obtained at MTW with the Cu K α backlighter are shown in Fig. 3 . Fringe shifts in the range of up to 20% of the fringe period are observed at the edges. The fringe contrast obtained is ∼27%, which is close to the ∼30% achieved in the lab and the theoretical ∼35%. This is a very encouraging result given that better contrast allows for better resolution and tracking of fringes.
The TL interferometer was designed with an effective angular resolution of 82.8 μrad, thus the ±1% limit in fringe shift measurement translates to ±0.8 μrad. The MTW images show fringe shifts that reach a maximum of ∼8 μrad. Previous laboratory studies using a smaller source [15-μm full-width at half-maximum (FWHM)] predicted ∼8 μrad at the edge. However, the laser backlighter has a >80-μm FWHM, thus the results are a poorer match than initially expected. To sum up, the large spot size of the X-ray backlighter at MTW blurred and decreased the resolution of the TL system. The refraction angle lineouts obtained for the fluoronylon fiber are shown in Fig. 4 . An areal density value of 5 g/mm 2 (compared with the expected value of 5.6 g/mm 2 ) was retrieved from integration and scaling of the refraction angle maps. Given the object axial symmetry, we were able to retrieve a local density value of 1.66 g/cm 3 . This value has a 8% error from the tabulated value of 1.78 g/cm 3 .
Given that the measurements are source-size limited, the error in density measurements is acceptable and the results are encouraging, particularly given the large backlighter source size. A comparison between a theory profile modified through Gaussian blurring (due to the 80-μm source size) and the experimental data validates the technique.
Our laboratory studies have determined that the TXD can achieve spatial resolution of the order of the source FWHM, in similarity to the conventional radiography techniques [9] , [10] . Since the characterization of ICF plasmas requires spatial resolutions under 10 μm, X-ray source sizes must be comparable with this value and the system magnification should be high (>10-50). Since the Cu K α X-ray backlighter had a source FWHM of ∼80 μm and the magnification of ∼10, hence the results obtained are far from ideal. The implications of resolution on TXD will be discussed in Section IV.
III. LABORATORY STUDY OF TXD
Our first laboratory electron density retrieval results [9] were obtained using X-ray tubes emitting at 17 keV with a ∼40-μm FWHM. We used a molybdenum anode emitting K α line spectrum and a tungsten anode emitting a broad spectrum centered at 17 keV. Fig. 5 shows the Moiré images of a beryllium rod of 3 mm diameter. The TL system allowed for the object magnification of 25 and the angular sensitivity of 80 μrad. From phase retrieval and simple scaling, we obtained the refraction angle map [ Fig. 5(a) ], which is proportional to the areal density gradient. From integration and further scaling, we obtained an areal density map [ Fig. 5(b) ].
We used the X-ray free-space propagation code XWFP [19] to obtain refraction profiles for our test objects. As seen in the plot lineouts, the simulations closely match the data. Density gradient measurements are accurate both at the interface (sharp gradients) and inside (mild gradients) the object, thus validating the TXD technique. Moreover, the refraction angle profiles at the edge show a source-size limited resolution.
Our subsequent laboratory studies focused on the TL systems of 8-keV design energy [10] . These studies used a copper anode X-ray tube (K α emission) with a smaller FWHM (∼15 μm). Free-standing membrane gratings were used instead of silicon substrate supports in order to achieve the proper transmission required for lower energy X-rays. We imaged a Polymethylmethacrylate (Acrylic) (PMMA) sphere of 1.5 mm diameter with a magnification of 17 and the effective angular resolution of 45 μrad. Refraction and attenuation (Fig. 6) were obtained simultaneously. Areal density gradient Fourier decomposition process. Attenuation and refraction (fringe shift) maps obtained for the acrilic + beryllium complex object. and areal density maps were retrieved from these images. The values obtained match the theory within measurement error, in similarity to the results shown in [10] . High fringe contrast of over 30% was measured with an X-ray transmission of 22%.
As mentioned previously, an additional advantage of the Moiré technique is the ability to simultaneously retrieve refraction and attenuation. Fig. 7 shows this process for experimental Moiré images of a complex object composed of a 3-mm-diameter beryllium rod placed inside a hollow PMMA rod of 3 mm inner diameter and 5 mm outer diameter.
The Moiré intensity pattern can be separated in the Fourier space. From the Fourier expansion terms, we retrieve the refraction and attenuation information: the phase shift (ψ term) and a 1 coefficient provide refraction information, and the a 0 coefficient provides attenuation information. Furthermore, one can obtain elemental atomic information in the form of a Z -effective (Z eff ) map, in addition to refraction and attenuation. The ratio − ln(I /I 0 )/2 ψ can be approximated by a third degree Z eff polynomial, where I /I 0 is the X-ray intensity attenuation and ψ is the X-ray beam phase change. Since this ratio depends on the probing X-ray energy, a calibration can be performed for TL systems of specific design energy [12] .
Layer mixing in ICF ignition capsules can degrade and potentially produce ignition failure [20] , [21] . Proper mixing diagnostics can aid in the validation of codes and simulation through experimental comparison. The TXD capability for Z eff mapping [12] could provide mixing information with the same resolution expected from the TL interferometer electron density measurements.
In addition, small-angle scatter is evidenced in the Moiré image as a loss of fringe contrast [11] . The 8-keV design TL interferometer was used to obtain the Moiré image of a strongly scattering wood structure with micrometer-sized fibrous structures [ Fig. 8(a) ]. Note that the small splinter structures are nearly invisible in the attenuation image [ Fig. 8(b) ].
Since the Moiré scatter imaging is a direct measure of electron density microinhomogeneity, it is a good candidate for small-scale Rayleigh-Taylor turbulence diagnostic. Given that the loss of contrast depends on the dimensions of the scattering structures, a thorough characterization could provide information about the presence and scale of scattering structures present in an HED object. The benefit of using TXD as a diagnostic of plasma microstructures is that it does not require ultrahigh spatial resolution, which is at present limited by X-ray backlighter source size, i.e., >5 μm.
IV. SPATIAL RESOLUTION CAPABILITIES OF TXD
When optimizing our interferometer diagnostic for HED applications, spatial resolution is one of the main factors in performance that needs to be considered. As discussed previously, horizontal resolution is mainly limited by source size, in similarity to radiography. Smaller source sizes and higher object magnification enhance system resolution, similar to other imaging diagnostics. In particular, for the TL systems, we have investigated [9] , [10] that the resolution is better than that expected for sources over 30 μm. This would seem to indicate that the TL resolution is not only determined by the X-ray source size, but it is also dependent on the source grating period dimension. Nevertheless, this has yet to be demonstrated, in particular considering that the studies focused on medical applications [22] have shown that the TL resolution can be degraded by the source the grating.
In order to test the resolution capabilities of the TL technique, we used a microfocus tungsten tube. With the aid of a highly reflective grazing incidence mirror, we separated the low-energy component of the emission, thus achieving quasi-monochromatic 8-keV illumination of ∼7-μm FWHM. The measured electron density gradient spatial resolution was 7 ± 2 μm for the magnifications of ∼9. These results indicate that the TL resolution is on par with radiographic diagnostics, since the resolution achieved is of the order of source FWHM. Smaller sources (<5 μm) and higher object magnifications are thus needed in order to determine the ultimate resolution limit of the TXD technique.
It has been stated that the vertical resolution limit for the TL configuration is equivalent to the Moiré fringe spacing [23] . This determines the vertical sections of horizontal density gradient information, which compose a quasi-2-D image, even though the electron density detection only occurs in the horizontal direction. However, in our studies, we have observed that the TXD resolution can be better than one Moiré fringe period, which seems to be due to the sinusoidal nature of the vertical profile [24] , [25] . This particular capability needs to be further studied in order to determine vertical resolution limits and how it can be further improved. It should be noted, however, that the 2-D gratings can directly deliver electron density 2-D information [26] , which is a capability we plan to study for the HED applications.
V. REFRACTION ENHANCEMENT
The TL interferometer also allows for a refraction-enhanced setup. In the refraction enhancement configuration, we vertically align the gratings, so that the contrast curve is set at midpoint between bright-field and dark-field imaging [27] . The system responds approximately linearly to small changes in phase gradient. For weakly attenuating objects, the TL refraction-enhanced image is thus approximately proportional to the first derivative of the phase front (i.e., the refraction angle). However, it should be noted that density recovery from TL refraction enhancement is not as straightforward as with Moiré imaging. Attenuation cannot be separated through Fourier filtering; hence, a phase-retrieval method similar to the transport of intensity needs to be further explored and developed [28] .
For example, 17 keV images of the beryllium and plastic complex object ensemble are shown in Fig. 9 , where we can do a comparison of propagation, Moiré imaging, and refraction enhancement images.
VI. CONCLUSION
The TXD is a refraction-based diagnostic technique capable of characterizing HED plasmas (in particular ICF) through electron density (as well as material mixing and microinstabilities) mapping. The diagnostic has been benchmarked for 8-and 17-keV laboratory X-ray sources. It has been tested and demonstrated for a Cu K α laser backlighter. However, backlighter source size needs to be improved in order to demonstrate optimal capabilities of the technique.
Future experiments with plasma targets must be performed at OMEGA EP, for instance, in order to further test the TXD electron density retrieval, as well as mixing and small-angle scatter diagnostics. A planar shock experiment at 17 keV seems to be the best fit for these purposes. In addition to these improvements, the TL refraction enhancement technique should be explored as an alternative to TXD, as it may offer better density characterization for a number of particular experiments.
